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Sub-threshold J/ψ and Υ Production in γA Collisions
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We study sub-threshold heavy quarkonium (J/ψ and Υ) photo-productions in γA collisions as
an independent test of the universality of the nucleon-nucleon short range correlation (SRC) in
nuclear scattering processes. Just below the γp threshold, the cross section is dominated by the
mean field contribution of nucleons inside the nucleus. The SRC contributions start to dominate at
lower photon energies, depending on the fraction of the SRC pairs in the target nucleus. We give an
estimate of the cross sections in the sub-threshold region both for J/ψ and Υ. This may be helpful
for future measurements at JLab as well as at the Electron-Ion Collider in the U.S., and especially
in China.
I. INTRODUCTION
Nucleon-nucleon short range correlation (SRC) de-
scribes an important aspect of the nuclear structure and
has been a subject of intensive studies in the last few
decades, see, for example, Refs. [1–6]. In the configura-
tion space, the SRC represents the pair of nucleons (pre-
dominantly proton-neutron) that are close to each other,
whereas in momentum space, they have large relative
momentum but small total momentum. Recent exper-
imental efforts from JLab have stimulated much research
interest, by making connections between the SRC and
the EMC effect in nuclear structure function measure-
ments [7–17].
The universality of the SRC is an important underlying
feature in all these studies. Universality is the statement
that the SRC is responsible for the EMC effect across
different nuclei in the same manner. In particular, it has
been demonstrated that the nuclear structure functions
of different nuclei in the EMC region become a universal
function once they are appropriately rescaled by the num-
ber of SRC pairs [17, 22]. To fully establish the physics
case of the connection, we need to build a rigorous test
for this universality, especially, from gluonic processes.
This is because the existing EMC effects in these studies
mainly focus on the quark sector of the partonic structure
of the nucleus. It is of crucial importance to demonstrate
the existence and the universality of the SRC contribu-
tions in the gluonic sector as well.
In a recent paper by two of us [23], it was suggested
that heavy flavor production in deep inelastic scattering
(DIS) can provide a gluonic probe for the SRC contribu-
tion and further test the above mentioned universality.
This can be achieved by measuring the charm-structure
function in eA collisions, and at the same time, one can
also measure the so-called sub-threshold heavy flavor pro-
duction in γA collisions. A crude model assumption has
been applied to estimate the sub-threshold J/ψ produc-
tion in γA collisions. In this paper, we will perform a de-
tailed calculation. In particular, we will include not only
the SRC contributions, but also the mean field contribu-
tions. The latter contributions are important for heavy
quarkonium production near the threshold. By compar-
ing these two contributions, we will be able to pinpoint
the energy range where the SRC contributions are domi-
nant and can be applied to study the universality of SRC
contributions.
Sub-threshold hadron production in nuclear scatter-
ing processes has a long history, see, for example, the
strangeness production in pA and AA collisions [24–28],
anti-proton in pA collisions [29, 30]. In a recent exper-
imental effort [31], the sub-threshold J/ψ production in
γA collisions has been investigated at JLab with a low in-
coming photon energy (around 5.7GeV in the rest frame
of the nuclear target). No observation was reported. This
is consistent with our estimate because the cross section
is too small, see the detailed discussions in Sec. III.
A number of experiments have already been approved
to carry out J/ψ production in various photo-nuclear ex-
periments. We expect that these experiments will mea-
sure J/ψ production in the sub-threshold region, and pro-
vide an important test of the SRC universality. Mean-
while, there has been a strong proposal to build an inter-
mediate energy electron-ion collider in China (EicC) [32],
where the energy range is ideal to study both near and
sub-threshold Υ production in γp and γA collisions, re-
spectively. There is also a possibility to study the near-
threshold production of Υ at the EIC in the U.S. [33] and
at RHIC using ultraperipheral collisions [34]. Our calcu-
lations in this paper will provide an important guidelines
for these future experiments.
The rest of our paper is organized as follows. In Sec-
tion II, we take an example of J/ψ production in photon-
deuteron collisions to illustrate the method of our calcu-
lations. In Section III, we extend that into generic eA
collisions. Section IV is devoted to Υ production. Based
on these results, in Section V we propose a simple scal-
ing relation as a test of the universality of the SRC. We
finally summarize our paper in Section VI.
2II. SUB-THRESHOLD J/ψ PRODUCTION IN γd
COLLISIONS
Near-threshold photo-production of J/ψ [35–37] has
attracted a lot of attention lately due to its connection
to the proton mass problem [34, 38–43], see also, [44]. For
a nucleon target, the threshold photon energy for the re-
action γp → J/ψ + p′ is Eγ ≈ 8.2 GeV in the nucleon
rest frame. If the target is a heavier nucleus, J/ψ can be
produced at lower energies. The rate of this reaction is
sensitive to the mass of the target as well as the momen-
tum distribution of nucleons inside the target. In this
section, we consider a deutron (d) target and compute
the cross section in the sub-threshold region Eγ < 8.2
GeV.
For a nucleon target, following [23, 39] we parameterize
the total cross section by the so-called energy fraction
parameter
χJ/ψ =
M2J/ψ
2EγMp
+
MJ/ψ
Eγ
=
M2J/ψ + 2MpMJ/ψ
W 2γp −M2p
, (1)
where Mp and MJ/ψ are the nucleon and J/ψ masses,
respectively, and Wγp is the center-of-mass energy of the
photon-nucleon system. The threshold limit corresponds
to χJ/ψ → 1. In Ref. [23], it was found that the following
simple parametrization gives a very good description of
the latest experimental data from the GlueX collabora-
tion at JLab [37]
σγp→J/ψ(Wγp) = σ
γp
0 (1− χJ/ψ)β , (2)
where the parameters σ0 = 11.3 nb and β = 1.3 have
been fitted to the data. This form is also consistent,
at least near the threshold region, with the calculation
based on the AdS/CFT correspondence [34, 42, 43]. In
Ref. [23], the authors further estimated the cross sec-
tion in the deuteron target case by a simple substitution
χJ/ψ → χ˜J/ψ = M
2
J/ψ
2Eγ2Mp
+
MJ/ψ
Eγ
[23]. This, of course,
is a very crude estimate. In the following, we apply the
impulse approximation to evaluate the sub-threshold pro-
duction cross section through a convolution method for
the deuteron. We then extend to other nuclei by applying
the SRC universality.
pγ
pJ/ψ
pdk
k2
FIG. 1. Schematic diagram for J/ψ production in γ + d pro-
cess.
The reaction of interest is illustrated in Fig. 1. An
incoming photon with momentum pγ = (Eγ , 0⊥, Eγ) in-
teracts with one of the nucleons from the deuteron at
rest and produces a J/ψ in the final state. The spec-
tator carries momentum k2 =
(√
M2p +
~k2,−~k
)
, and
the center-of-mass energy squared of the photon-nucleon
system that produces J/ψ is
W 2γp′ = (pγ + pd − k2)2 , (3)
where pd = (2Mp,~0) is the deuteron momentum. The
struck nucleon has momentum k = pd − k2 = (ǫ,~k) with
ǫ = 2Mp −
√
M2p +
~k2. (4)
In the impulse approximation we can write the total J/ψ
photo-production cross section off a deuteron target as
σγd = 2
∫
d3kρn(k)F˜(k)σγp(Wγp′) , (5)
where a factor of 2 is included to take into account
both the proton and neutron contributions. ρn(k) is
the single-nucleon momentum distribution inside the
deuteron. This is normalized to unity
∫
d3kρn(k) = 1,
and describes the probability distribution of the proton
(or the neutron) carrying momentum ~k in the deuteron
rest frame. The distribution is dominated by the S-wave
contribution at small k, whereas in the larger-k region
k > kF ∼ 300 MeV (kF is the Fermi momentum) it is
dominated by the D-wave contribution. The latter rep-
resents the SRC. F˜(k) accounts for the flux factor differ-
ence for σγp(Wγp′) from the free nucleon target case
F˜(k) = Eγ(ǫ− k
z)
EγMp
=
2Mp −
√
~k2 +M2p − kz
Mp
. (6)
This arises because the incident nucleon is moving and
not on-mass-shell.
For a given value of sub-threshold photon energy Eγ <
8.2 GeV, the integration region in (5) is determined by
the condition W 2γp′ > (Mp +MJ/ψ)
2. In principle, one
also has to impose ǫ− kz > 0 (see (6)), but this is auto-
matically satisfied if the first condition is met. (Note that
the important region is kz < 0.) In Fig. 2, we plot the
near threshold and sub-threshold J/ψ production cross
section in γd collision calculated from the momentum dis-
tribution in [45]. We also plot the near-threshold produc-
tion in γp collisions as a reference. The mean field (MF)
curve is the contribution from the low-momentum region
defined here with a sharp momentum cutoff k < 300
MeV. This improves the previous prediction in [23] and
the energy dependence is now a smooth function around
the threshold Eγ . 8.2 GeV. However, the MF contri-
bution drops dramatically around Eγ ∼ 7.5 GeV below
which the SRC contribution (k > 300 MeV) starts to
dominate. This is easy to understand intuitively: Due to
high intrinsic momentum ~k from the SRC, J/ψ can be
produced with smaller photon energies. Around Eγ ∼ 7
3FIG. 2. Cross sections per nucleon for near and sub-threshold
J/ψ production in γd collisions as function of Eγ in the target
rest frame. The near threshold cross section for γp collisions
is also shown as a reference.
GeV, the cross section per nucleon is about 3.2 pb, and
is completely dominated by the SRC contribution. We
thus conclude that, for the deuteron target, the interest-
ing region to focus in future experiments is Eγ . 7 GeV.
Events observed in this region provide an unambiguous
signal for the gluonic probe of the SRC. We hope this
will be carried out soon at JLab.
III. SRC UNIVERSALITY IN γA COLLISIONS
We now turn to the sub-threshold production of J/ψ in
γA collisions. A crucial difference from the deuteron case
is that one now needs to introduce the so-called spectral
function ρA(k, ǫ) and write
σγA = A
∫
d3kdǫρA(k, ǫ)F˜(k, ǫ)σγp(Wγp′) , (7)
where F˜ = (ǫ− kz)/Mp and
W 2γp′ = (Eγ + ǫ)
2 − (Eγ + kz)2 − ~k2⊥
= 2Eγǫ− 2Eγkz + ǫ2 − ~k2 . (8)
The point is that ǫ and ~k are now independent variables.
Due to the collective effects and the shell-structure of the
nucleus, the struck nucleon energy ǫ is not fixed as in (4),
but follows a smooth distribution. This is accounted for
by introducing the nuclear spectral function. There is
vast literature on the determination of the spectral func-
tions from theory and experimental data, and one may
use them to carry out the integral (7). Here, however, we
are particularly interested in the impact of the SRC. We
therefore divide the cross section into the MF and SRC
parts
σ¯γA =
σγA
A
≡
∫
k<kF
σ¯MF (k) +
∫
k>kF
σ¯SRC(k) , (9)
where σ¯ stands for the cross section per nucleon, kF =
300 MeV and make a separate approximation for ρA in
each region.
A. Mean Field Contribution
Let us start with the low-momentum, mean field con-
tribution. In this case, the spectator is a nucleus with
mass number A − 1 and momentum −~k. Therefore, the
scattering nucleon has energy,
ǫ =MA −
√
(MA −Mp +∆ǫ)2 + ~k2
≈Mp −
~k2
2Mp(A− 1) −∆ǫ , (10)
where MA is the nucleus mass and ∆ǫ is the separation
energy of the nucleon initially bound in shell model or-
bits. In principle, ∆ǫ has a smooth distribution, but here
we approximate it as a constant of order 10 ∼ 20 MeV.
Compared to this, the O(~k2) term can be neglected for
A≫ 1. We thus adopt a model
ρ
(MF )
A (k, ǫ) = ρA(k)δ(ǫ −Mp +∆ǫ). (11)
We then parameterize the momentum distribution in the
nucleus ρA(k) in the Gaussian form
ρ
(MF )
A (k) =
PMF
N0(kF
√
π/2)3
e−4k
2/k2F , (12)
where PMF represents the fraction of the mean field con-
tribution to the momentum distribution. For a large nu-
cleus, PMF is known to be about 80%. N0 ≈ 0.954 is a
factor needed to renormalize the distribution such that
PMF =
∫
k<kF
d3kρA(k). Therefore, the mean field con-
tribution can be written as
σ¯MF =
∫
k<kF
d3kρ
(MF )
A (k)F˜(k, ǫ)σγp(Wγp′) , (13)
where ǫ =Mp −∆ǫ with ∆ǫ = 0.02GeV in the following
numeric calculations. Again, we have applied the isospin
symmetry and the above equation contains both proton
and neutron contributions.
B. SRC Contribution from the Spectral Function
The SRC contribution can be evaluated in a similar
manner, but in this case the spectral function is much
more involved than that for the MF contribution. It can
be modeled by considering a pair of nucleons with high
back to back momenta moving in the mean field [46–48].
For example, the proton spectral function from the SRC
in a nucleus can be written as [48]
ρ
(SRC)p
A (k, ǫ) = C
1
pnS
1
pn(k, ǫ) + C
0
pnS
0
pn(k, ǫ)
+2C0ppS
0
pp(k, ǫ) , (14)
4where Cipn and C
i
pp represent the so-called nuclear con-
tacts. They measure the probability to find (pn) and
(pp) pairs with spin i in the nucleus. The spectral func-
tions are different for pairs with different quantum num-
bers. Moreover, the neutron spectral functions are dif-
ferent from the proton ones. Using isospin symmetry
C0nn = C
0
pp, we can write the total (proton and neutron)
contribution from the SRC as
σ¯SRC =
∫
k>KF
d3kdǫF˜(k, ǫ)σγp(Wγp′)
[
C1pnS
1
pn(k, ǫ)
+ C0pnS
0
pn(k, ǫ) + C
0
pp
(
S0pp(k, ǫ) + S
0
nn(k, ǫ)
)]
. (15)
FIG. 3. Sub-threshold J/ψ production in photon-Carbon col-
lisions as a function of incoming photon energy Eγ . We have
estimated PMF = 0.84 for the mean field normalization in
Eq. (12).
We take the example of Carbon-12 and use the spectral
functions [16, 49] calculated from the AV-18 potential
with the following contacts:
C0pp = C
0
nn = 1.140% ,
C0pn = 1.244% ,
C1pn = 15.876% . (16)
In the numeric calculations, we normalize the spectral
function in the full kinematics. Applying the isospin
symmetry, we find that this normalization implies the
following relation between the MF spectral function and
the SRC spectral function,∫
k<kF
d3kρ
(MF )
A (k) +
∫
k>KF
d3kdǫ
[
C1pnS
1
pn(k, ǫ)
+ C0pnS
0
pn(k, ǫ) + C
0
pp
(
S0pp(k, ǫ) + S
0
nn(k, ǫ)
)]
= 1. (17)
From this normalization condition, we obtain the coeffi-
cient PMF = 0.84 for the MF fraction. The final result
for the cross section per nucleon is shown in Fig. 3. We
can clearly see that again the SRC contribution domi-
nates over the MF contribution in the kinematic region
Eγ < 7GeV.
If we extend our calculation to Eγ = 5.7 GeV where the
previous JLab experiment [31] searched for sub-threshold
J/ψ production, the cross section is about 0.05 pb. The
smallness of this value is likely the reason why no events
were observed in this experiment.
IV. SUB-THRESHOLD Υ PRODUCTION IN γA
COLLISIONS
The calculations in the last two sections can be
straightforwardly extended to Υ production. However,
currently experimental data for Υ production in γp col-
lisions are not available in the threshold region Eγ ≈ 57
GeV, or
√
s = 10.4 GeV. (They are available only in the
high energy region.) Still, we can give a rough estimate
of the γp cross section by implementing necessary modi-
fications to the formula for J/ψ.
First of all, we argue that the functional form of energy
dependence should be the same, because this only con-
cerns the “gluon” content in the nucleon.1 Therefore, we
can use the same parameterization for the cross section,
σΥγp(Wγp) = σ
Υ
0 (1 − χΥ)βb , (18)
where χΥ is now defined as
χΥ =
M2Υ + 2MΥMp
W 2γp −M2p
. (19)
A major difference in the normalization σ0 comes from
the wave functions of J/ψ and Υ at the origin. This
can be estimated from their respective leptonic decay
widths, or as the ratio of photo-production cross sec-
tions at high energy evaluated at the same value of x.
From the HERA experiments and recent measurements
of photo-production of J/ψ and Υ at the LHC, we find
that the ratio between these two is about 200.
In order to estimate the exponent βb, we notice that
part of the power behavior (1−χ)βb comes from the phase
space integral. Let us assume that the differential cross
section with respect to the momentum transfer t has the
following power behavior,
dσ
dt
∝ 1
(−t+ Λ2)4 , σ =
∫ tmax
tmin
dσ
dt
, (20)
where we choose Λ ∼ 1GeV. Because tmin and tmax
depend on the center-of-mass energy and the quarkonium
mass, this can generate different χ-dependence in σ. A
numerical estimate gives a relative factor of 0.6(1−χ)0.5
1 We note, however, that very recently σΥ has been calculated in
a holographic model [43]. The result suggests that the threshold
region may be very narrow in Eγ and is quickly taken over by
the asymptotic high energy (Pomeron) behavior.
5between the Υ and J/ψ cases. We thus arrive at the
following estimate
σΥ0
σ
J/ψ
0
≈ 0.6
200
, βb = β + 0.5 = 1.8 . (21)
FIG. 4. The total cross section per nucleon for near and sub-
threshold Υ production in γd collisions as a function of the
center of mass energy of photon-nucleon collisions Wγp. The
near threshold cross section for γp collisions is also shown as
a reference.
With these parameters, we compute the cross sections
for Υ production in γp and γd collisions, and plot the re-
sult as a function of the center-of-mass energy of photon-
nucleon collision Wγp in Fig. 4. This energy range is ide-
ally suited for the EicC, but it could also be studied at the
EIC in the U.S. [33], or even at RHIC by focusing on the
ultraperipheral AA collisions (UPCs) [34]. We find that
the Υ cross section near threshold is about 10−3 ∼ 10−2
nb, and this is further reduced to 10−5 nb around the re-
gion Wγp . 9.7GeV where the SRC contribution starts
to dominate. It may be challenging to measure the cross
section in this region.
V. DISCUSSIONS
In light of our results in the previous sections, we up-
date the prediction in [23] as
σ¯γA→J/ψ
σ¯γd→J/ψ
∣∣∣∣
Eγ∼7GeV
=
σ¯γA→Υ
σ¯γd→Υ
∣∣∣∣
Wγp∼9.7GeV
=
nAsrc/A
ndsrc/2
=
FA2 (xB , Q
2)/A
F d2 (xB , Q
2)/2
∣∣∣∣
1.4<xB<1.8
, (22)
where nAsrc is the number of SRC pairs in nucleus A.
The above ratio is also referred as aA2 =
nAsrc/A
ndsrc/2
. The
ratio of the structure functions F2 has been measured in
previous DIS experiments with nuclear targets. Future
measurements of the sub-threshold cross section will be
a clean test of the universality of the SRC in these nuclei.
FIG. 5. Ratio of the J/ψ photo-production cross sections per
nucleon between the Carbon-12 target and deuteron target
as a function of incoming photon energy Eγ in the rest frame
of the nuclear target. The plateau in this ratio indicates the
onset of the SRC universality.
As an example, in Fig. 5, we plot the cross section ratio
between the Carbon-12 and deuteron targets as a func-
tion of incoming photon energy Eγ . From this plot, we
can clearly see that the ratio increases from 2 around the
γp-threshold (Eγ ∼ 8.2 GeV) to a plateau behavior of
4.2 around Eγ ∼ 7.4 GeV. Notice that the plateau starts
already in the region Eγ ∼ 7.4GeV where the mean field
contribution is still significant. It blows up when Eγ
reaches the deuteron threshold around 5.6 GeV. There-
fore, we conclude that the energy window to observe the
SRC universality will be around (6.5− 7.4) GeV.
Actually, this window turns out to be somewhat nar-
rower than what one would expect from Eq. (22). It is
known that the structure function ratio on the right hand
side, when plotted as a function the light-cone momen-
tum fraction of the interacting nucleon α = α(xB , Q
2)
(defined in Eq. (18) of Ref. [20]), exhibits a plateau for
1.3 < α < 1.7. One can consider a similar scaling vari-
able α ∼ 1/Eγ for the present problem, and this suggests
that the plateau in Eγ may actually be wider. Indeed,
the present calculation may have large model uncertain-
ties in the small Eγ region where the denominator σγd
becomes extremely small. In view of this, it is very inter-
esting to see how low in Eγ the plateau persists in future
experimental data.
In our considerations we have neglected final state in-
teractions of the produced J/ψ and Υ. The analysis of
J/ψ−N absorption at somewhat higher energies suggests
that effective J/ψ−N interactions in the discussed energy
range is of the order of a few mb, and hence in the first
approximation they can be neglected for all but heaviest
nuclei. Another possible effect is the dependence of the
J/ψ production cross section on the virtuality of the in-
teracting nucleon. In principle, such an effect can be sig-
nificant since the deviations from the many nucleon ap-
proximation are enhanced in SRC, see e.g., Refs. [17, 50].
However this effect is expected to be the same for SRC
in different nuclei. So it should not modify the scaling
6relation (22).
VI. CONCLUSION
In this paper, we have provided a detailed derivation
of the sub-threshold heavy quarkonium production cross
section in γA collisions. We find that the sub-threshold
cross section close to the threshold is dominated by the
mean field effects, while in the deeply sub-threshold re-
gion the dominant contribution comes from the SRC.
In the latter region, the universality of the SRC can be
tested.
For J/ψ production relevant to the JLab kinematics,
we found that the SRC contribution is dominant around
the incoming photon energy Eγ = 7.5GeV and below in
the rest frame of the nuclear target. The predicted cross
sections are sizable and should be easily measured in the
upcoming experiments. For Υ production, the required
kinematical range is ideal for the EicC, but it could also
be studied at the U.S. EIC and RHIC. However, the sub-
threshold cross section is not as large as that for J/ψ,
and this imposes a challenge in future measurements.
Acknowledgement. We thank Jackson Pybus for
sending us the SRC spectral functions for Carbon-12.
M. S. would like to thank Brookhaven National Labo-
ratory (BNL) for hospitality during the time this project
started. His visit was supported by an LDRD from
Brookhaven Science Associates (BSA). The work of
Y. H., J. X. and F. Y. is partially supported by the
LDRD programs of BNL and Lawrence Berkeley Na-
tional Laboratory, the U.S. Department of Energy, Of-
fice of Science, Office of Nuclear Physics, under contract
numbers DE-SC0012704, DE-AC02-05CH11231 and DE-
FG02-93ER40771.
[1] L. Frankfurt, M. Sargsian and M. Strik-
man, Int. J. Mod. Phys. A 23, 2991 (2008)
doi:10.1142/S0217751X08041207 [arXiv:0806.4412
[nucl-th]].
[2] J. Arrington, D. W. Higinbotham, G. Rosner and
M. Sargsian, Prog. Part. Nucl. Phys. 67, 898 (2012)
doi:10.1016/j.ppnp.2012.04.002 [arXiv:1104.1196 [nucl-
ex]].
[3] O. Hen, D. W. Higinbotham, G. A. Miller, E. Piasetzky
and L. B. Weinstein, Int. J. Mod. Phys. E 22, 1330017
(2013) doi:10.1142/S0218301313300178 [arXiv:1304.2813
[nucl-th]].
[4] O. Hen, G. A. Miller, E. Piasetzky and L. B. We-
instein, Rev. Mod. Phys. 89, no. 4, 045002 (2017)
doi:10.1103/RevModPhys.89.045002 [arXiv:1611.09748
[nucl-ex]].
[5] N. Fomin, D. Higinbotham, M. Sargsian and
P. Solvignon, Ann. Rev. Nucl. Part. Sci. 67,
129 (2017) doi:10.1146/annurev-nucl-102115-044939
[arXiv:1708.08581 [nucl-th]].
[6] I. C. Cloet et al., arXiv:1902.10572 [nucl-ex].
[7] K. S. Egiyan et al. [CLAS Collabora-
tion], Phys. Rev. Lett. 96, 082501 (2006)
doi:10.1103/PhysRevLett.96.082501 [nucl-ex/0508026].
[8] J. Seely et al., Phys. Rev. Lett. 103, 202301 (2009)
doi:10.1103/PhysRevLett.103.202301 [arXiv:0904.4448
[nucl-ex]].
[9] L. B. Weinstein, E. Piasetzky, D. W. Higinbotham,
J. Gomez, O. Hen and R. Shneor, Phys. Rev. Lett.
106, 052301 (2011) doi:10.1103/PhysRevLett.106.052301
[arXiv:1009.5666 [hep-ph]].
[10] N. Fomin et al., Phys. Rev. Lett. 108, 092502 (2012)
doi:10.1103/PhysRevLett.108.092502 [arXiv:1107.3583
[nucl-ex]].
[11] O. Hen, E. Piasetzky and L. B. Weinstein, Phys. Rev.
C 85, 047301 (2012) doi:10.1103/PhysRevC.85.047301
[arXiv:1202.3452 [nucl-ex]].
[12] J. Arrington, A. Daniel, D. Day, N. Fomin, D. Gaskell
and P. Solvignon, Phys. Rev. C 86, 065204 (2012)
doi:10.1103/PhysRevC.86.065204 [arXiv:1206.6343
[nucl-ex]].
[13] O. Hen et al., Science 346, 614 (2014)
doi:10.1126/science.1256785 [arXiv:1412.0138 [nucl-
ex]].
[14] E. O. Cohen et al. [CLAS Collaboration],
Phys. Rev. Lett. 121, no. 9, 092501 (2018)
doi:10.1103/PhysRevLett.121.092501 [arXiv:1805.01981
[nucl-ex]].
[15] M. Duer et al. [CLAS Collaboration], Nature 560, no.
7720, 617 (2018). doi:10.1038/s41586-018-0400-z
[16] M. Duer et al. [CLAS Collaboration], Phys.
Rev. Lett. 122, no. 17, 172502 (2019)
doi:10.1103/PhysRevLett.122.172502 [arXiv:1810.05343
[nucl-ex]].
[17] B. Schmookler et al. [CLAS Collaboration], Nature 566,
no. 7744, 354 (2019). doi:10.1038/s41586-019-0925-9
[18] J. W. Chen, W. Detmold, J. E. Lynn and A. Schwenk,
Phys. Rev. Lett. 119, no. 26, 262502 (2017)
doi:10.1103/PhysRevLett.119.262502 [arXiv:1607.03065
[hep-ph]].
[19] J. E. Lynn, D. Lonardoni, J. Carlson, J.-W. Chen,
W. Detmold, S. Gandolfi and A. Schwenk,
arXiv:1903.12587 [nucl-th].
[20] L. L. Frankfurt, M. I. Strikman, D. B. Day
and M. Sargsian, Phys. Rev. C 48, 2451 (1993).
doi:10.1103/PhysRevC.48.2451
[21] E. Piasetzky, M. Sargsian, L. Frankfurt, M. Strikman
and J. W. Watson, Phys. Rev. Lett. 97, 162504 (2006)
doi:10.1103/PhysRevLett.97.162504 [nucl-th/0604012].
[22] E. P. Segarra, A. Schmidt, D. W. Higinbotham, T. Kutz,
E. Piasetzky, M. Strikman, L. B. Weinstein and O. Hen,
arXiv:1908.02223 [nucl-th].
[23] J. Xu and F. Yuan, arXiv:1908.10413 [hep-ph].
[24] J. Randrup and C. M. Ko, Nucl. Phys. A 343, 519
(1980) Addendum: [Nucl. Phys. A 411, 537 (1983)].
doi:10.1016/0375-9474(83)90544-4, 10.1016/0375-
9474(80)90668-5
[25] J. Aichelin and C. M. Ko, Phys. Rev. Lett. 55, 2661
7(1985). doi:10.1103/PhysRevLett.55.2661
[26] S. Schnetzer, M. C. Lemaire, R. Lombard,
E. Moller, S. Nagamiya, G. Shapiro, H. Steiner
and I. Tanihata, Phys. Rev. Lett. 49, 989 (1982).
doi:10.1103/PhysRevLett.49.989
[27] S. Schnetzer, R. M. Lombard, M. C. Lemaire, E. Moller,
S. Nagamiya, G. Shapiro, H. Steiner and I. Tani-
hata, Phys. Rev. C 40, 640 (1989) Erratum: [Phys.
Rev. C 41, 1320 (1990)]. doi:10.1103/PhysRevC.41.1320,
10.1103/PhysRevC.40.640
[28] J. Adamczewski-Musch et al. [HADES Col-
laboration], Phys. Lett. B 793, 457 (2019)
doi:10.1016/j.physletb.2019.03.065 [arXiv:1812.07304
[nucl-ex]]; and references therein.
[29] J. B. Carroll et al., Phys. Rev. Lett. 62, 1829 (1989).
doi:10.1103/PhysRevLett.62.1829
[30] A. Shor, V. Perez- Mendez and K. Ganezer, Nucl. Phys.
A 514, 717 (1990). doi:10.1016/0375-9474(90)90019-I
[31] P. Bosted et al., Phys. Rev. C 79, 015209 (2009)
doi:10.1103/PhysRevC.79.015209 [arXiv:0809.2284
[nucl-ex]].
[32] Nu Xu, private communications.
[33] M. Lomnitz and S. Klein, Phys. Rev. C 99,
no. 1, 015203 (2019) doi:10.1103/PhysRevC.99.015203
[arXiv:1803.06420 [nucl-ex]].
[34] Y. Hatta, A. Rajan and D. L. Yang, Phys. Rev. D 100,
no. 1, 014032 (2019) doi:10.1103/PhysRevD.100.014032
[arXiv:1906.00894 [hep-ph]].
[35] B. Gittelman, K. M. Hanson, D. Larson, E. Loh, A. Sil-
verman and G. Theodosiou, Phys. Rev. Lett. 35, 1616
(1975). doi:10.1103/PhysRevLett.35.1616
[36] U. Camerini et al., Phys. Rev. Lett. 35, 483 (1975).
doi:10.1103/PhysRevLett.35.483
[37] A. Ali et al. [GlueX Collaboration], arXiv:1905.10811
[nucl-ex].
[38] D. Kharzeev, H. Satz, A. Syamtomov and G. Zinovjev,
Eur. Phys. J. C 9, 459 (1999) doi:10.1007/s100529900047
[hep-ph/9901375].
[39] S. J. Brodsky, E. Chudakov, P. Hoyer and J. M. Laget,
Phys. Lett. B 498, 23 (2001) doi:10.1016/S0370-
2693(00)01373-3 [hep-ph/0010343].
[40] L. Frankfurt and M. Strikman, Phys. Rev. D 66,
031502 (2002) doi:10.1103/PhysRevD.66.031502 [hep-
ph/0205223].
[41] O. Gryniuk and M. Vanderhaeghen, Phys. Rev. D 94,
no. 7, 074001 (2016) doi:10.1103/PhysRevD.94.074001
[arXiv:1608.08205 [hep-ph]].
[42] Y. Hatta and D. L. Yang, Phys. Rev. D 98,
no. 7, 074003 (2018) doi:10.1103/PhysRevD.98.074003
[arXiv:1808.02163 [hep-ph]].
[43] K. A. Mamo and I. Zahed, arXiv:1910.04707 [hep-ph].
[44] G. A. Miller, M. D. Sievert and R. Venu-
gopalan, Phys. Rev. C 93, no. 4, 045202 (2016)
doi:10.1103/PhysRevC.93.045202 [arXiv:1512.03111
[nucl-th]].
[45] R. B. Wiringa, R. Schiavilla, S. C. Pieper and
J. Carlson, Phys. Rev. C 89, no. 2, 024305 (2014)
doi:10.1103/PhysRevC.89.024305 [arXiv:1309.3794
[nucl-th]].
[46] C. Ciofi degli Atti, S. Simula, L. L. Frankfurt
and M. I. Strikman, Phys. Rev. C 44, R7 (1991).
doi:10.1103/PhysRevC.44.R7
[47] C. Ciofi degli Atti and S. Simula, Phys. Rev. C
53, 1689 (1996) doi:10.1103/PhysRevC.53.1689 [nucl-
th/9507024].
[48] R. Weiss, I. Korover, E. Piasetzky, O. Hen
and N. Barnea, Phys. Lett. B 791, 242 (2019)
doi:10.1016/j.physletb.2019.02.019 [arXiv:1806.10217
[nucl-th]].
[49] Jackson Pybus, private communications.
[50] L. L. Frankfurt and M. I. Strikman, Phys. Rept. 160,
235 (1988). doi:10.1016/0370-1573(88)90179-2
